The bird navigation theory as presented implies an organ or organs in the bird's physiology which are sensitive to the effect of its motion through the vertical component of the earth's magnetic field and to the effort exerted to overcome the coriolis force, due to the earth's rotation. Both these influences involve a set of lines which together form a navigational gridwork. By correlating its instantaneous land speed with the two above effects, a bird can fly to its home which is a unique point in this gridwork, or to related companion points existing in the gridwork a t positions other than its home. Experimentation with homing pigeons between the home and spurious home points (conjugate or companion points) has yielded data which supports the theory. P ROBABLY no natural phenomenon has in-over land and water areas. Invariably, references trigued man and held his interest more than made to this remarkable accomplishment in the the ability of the homing pigeon to fly long dis-bird world are in terms of "instinct," which is a tances from a strange locality and across un-way of saying "we don't know." familiar territory to its home loft. Many leading
The over-all problem of bird navigation inornithologists believe that this same ability volves a t least the following five factors: guides wild birds in their long migratory flights 1. A desire on the part of the homing pigeon to go to the home loft or, in the case of wild birds, to go to their summer feeding and breeding grounds, or their warmer wintering areas during migratory periods.
2.
The physical strength and endurance to fly the required distance.
3. -4 knowledge of familiar landmarks, within a minimum radius, for piloting to the exact spot. (This radius distance for homing pigeons is known to be about twenty-five miles.)
4. The ability to navigate. This implies the possession and use of an organ or organs as navigating instruments.
5. Considerable navigating experience in flying in and about the "home" region. With homing pigeons this experience is artificially built up by sending the birds to gradually increasing distances.
I t is well known that many birds of the migratory species return to their breeding and nesting grounds after being trapped and sent hundreds of miles into strange territory. Many such flights have been arranged so that the birds must orient themselves and fly hundreds of miles over water routes out of sight of land. One species, the Golden Plaver,' performs the remarkable feat of navigating 3000 miles from Alaska to the Hawaiian Islands with no landmarks over the broad expanses of the Pacific Ocean. Hundreds of individuals of the albatross family roam over thousands of square miles of the Southern Pacific area. Members of each species finally return to their own tiny island to breed and raise young. Hood Island2 of the Galapagos Archipelago group, is headquarters for one species of these birds. Since there are no "sign posts" of any kind over the ocean wastes, the flights must involve true navigation until the home island comes into view. Other types of birds, including noddy and sooty terns, swallows, herring gulls, numerous varieties of ducks, hawks, storks, starlings, chimney swifts, have the homing or navigating ability developed to a high degree.
Thus, while man has been slowly and laboriously learning to navigate during the past six Frederick C. Lincoln, The Migration of American Birds (Doubleday, Doran and Company, Inc., Garden City, New York, 1936) . (Harvard University Press, Cambridge, Massachusetts, 1931) , Vol. 1 or 2; ibid., Vol. 2, 1937 ; ibid., Vol. 3, 1940 ; ibid., Vol. 4. centuries, birds have been using a system of their own for perhaps millions of years.
J. L. Peters, Check-list of Birds of the World
Hundreds of papers have been written suggesting possible fragmentary explanations of the mystery of bird orientation. The more scientifically possible of these explanations involve sensitivity of the bird to one or more of the following :
1. The effect of motion through the earth's magnetic field.3 2. Gravitational differences due to variations in the earth's radius.
3. The Coriolis effect due to the earth's rot a t i~n .~ In order to set up a working system of bird navigation or, indeed, of any navigation, a combination of two or more overlapping fields of influence is necessary. Each of these must possess definite gradients. Possible grid patterns might represent repetitive, displaced fields of a single kind, or combinations of two or more of the following :
1. Light beams-limited, by horizon extinction, to comparatively small areas, and useful only in piloting.
2. Sound beams-too limited for long distances, conceivably available only for piloting.
3. Electric fields-extremely limited by small intensity factor, variable magnitudes, lack of permanence.
.4. Electromagnetic radiations-network of radio or radar beams such as are used in the radiorange network system of navigation or, more properly, piloting.
5. Magnetic fields-the earth's natural magnetic field, a somewhat irregular function of distance from the magnetic poles.
6. Force fields. such as :
a. Coriolis force, b. Gravitational force, c. Centrifugal force.
Appended is a bibliography of the fragmentary suggestions that have previously been made in explanation of bird navigation. Special attention is called to Dr. D. R. Griffin's paper,* "The sensory basis of bird navigation," and to W. R/I. 1,evi's book, The Pigeon,t for an excellent general coverage of the subject.
In setting up the present theory of bird navigation the following well-known facts pertaining to the flying and use of homing pigeons were considered :
1. When released a t unfamiliar and distant points, they usually fly in large circles for a matter of minutes before moving off in a straight line. When training flights have been experienced once or twice daily for weeks, and pigeons a're released individually from new locations around the compass, they often sense the correct direction, after having flown only one or a fraction of a complete circle.
2. Homing pigeons are unable to navigate in a thick haze or fog or in complete darkness. Blinded or hooded birds fly first in a large circle and then in a decreasing spiral, gradually decending until about six feet above ground level, after which a "crash" landing is made.
3. Pigeons are unable to navigate successfully in winds much over thirty-five miles per hour.
4. After reaching four or five weeks of age, homing pigeons can be trained "around the compass" for six or eight weeks a t increasing distances of one, two, four, eight, sixteen, thirty-two miles (repeating each distance one or two times before increasing), after which they are easily capable of navigating flights of distances up to seventy miles and more. With a few more weeks of training, flights of one to two hundred miles, or even more, are readily accomplished. A year later, with some additional short training fights added to their experience, they can readily navigate home from four hundred miles, without previous experience of any kind in the new territory.
5. Written reports by the Army and Navy Communications5 as well as numerous oral re-* D. R. Griffin, "The Sensory Basis of Bird Navigation,"
Quarterly Review of Biology, 1 (1944 ports by representatives of flying clubs and individuals, indicate that pigeons are confused and are unable to orient themselves when released from points near powerful radio and radar broadcasting stations. There are some indications that the audiofrequencies rather than the carrier-frequencies are the disturbing factor. The following theory is presented as the first complete working hypothesis to explain homingpigeon navigation.
Three major factors are involved : 1. Sensitivity of birds to the effect of flying through a magnetic field.
2. Sensitivity to the forces, produced by the earth's rotation, acting on masses moving over its surface in a straight line (part of the wellknown Coriolis effect which is a function of latitude).
3. Visual sensitivity to velocity over the earth's surface (land speed).
By correlating the results of the first and last of these sensitivities the bird can detect his "magnetic latitude." This differs from his true latitude because the magnetic poles are grossly and asymmetrically displaced from the earth's poles (Map 1). By similar correlation of the second and last sensitivities it is possible to detect the true latitude.
The effective result of these two correlations is that the bird can recognize his home locality a t the intersection of a characteristic line in the earth's magnetic vertical field with a characteristic line of latitude.
Thus it appears that the secret of bird navigation depends on the displacement of the magnetic poles from the rotational poles of the earth with the subsequent intersection of the lines of equal magnetic-vertical intensity with latitude lines (Maps I and 11).
The fact is that it was a study of Map I1 in relation to the failure of homing pigeons near Indianapolis, Indiana,6 which gave the first clue to the present theory. As will be noted, in that area the two sets of curves are essentially parallel. Thus in that section, the two sets of correlations guide the birds to a line many miles long instead of to an approximate point. It should be added that the study of maps involving lines of equal magnetic declination, equal magnetic dip, equal magnetic horizontal intensity, equal total magnetic intensity, or any combination of these failed to show such parallelism in southern Indiana.
In operation, the navigation may be as follows : 1. A bird is sensitive by virtue of some organ or organs to the magnitude of the effect of its motion in flight through the vertical component of the earth's magnetic field.7 This effect which must be correlated with its land speed, is a direct function of the bird's horizontal velocity, and the distance from the magnetic poles. I t is a maximum a t the poles and decreases somewhat irregularly from each pole toward a line approximately half-way between. By this means, a bird, if flying in a location of magnetic vertical field intensity different from its home, can consciously fly in a direction which will bring its land-speed magnetic vertical-field effect8 back to that to which it is accustomed during its normal flight around home territory. Since the lines of equal vertical magnetic-field intensity are irregular closed curves centering around the magnetic poles, it is evident that they represent one set of lines involving a velocity-magnetic vertical-field-gradient pattern which is part of our proposed navigational grid system. 8 This effect may be the same phenomenon as the socalled "electromagnetic effect," it will subsequently be referred to as such for the sake of brevity.
2. A bird is sensitive by virtue of some organ or organs to the magnitude of the Coriolis effect. This latter results from a natural relationship between the earth's rotational velocity and motion of a body over the earth. The forces involved are a direct function of the earth's rotational speed, the speed of a body moving over the earth's surface, and the latitude of the moving body. As in the case of the electromagnetic effect, the bird must correlate its land speed with the magnitude of this force in order to use it as a guide. The lines of equal Coriolis force are true circles coincident with parallels of latitude. Hence, if a bird, usually subject to the Coriolis effect of normal flying around home territory, is displaced north or south, he need only fly in a direction which will bring the "feel" of the Coriolis land-speed relation back to normal and he will be back on his own latitude circle. These circles represent a second set of lines which in bird orientation involves a force land-speedgradient pattern which is a part of our postulated navigational grid system.
Map I illustrates the existence on the earth of a gridwork of two distinct sets of curves, representing the land speed vs. electromagnetic effect and the land speed vs. Coriolis effect. For any horizontally moving body over the earth's surface these intersecting curves give rise to a system of unique pairs of conjugate points.
This conception offered an opportunity for the experimental testing of the theory. If a bird locates its home by navigating to the intersection of the proper magnetic vertical and the proper latitude, he should as readily navigate to the conjugate point as to his home, if released nearer the former. As can be seen on Map I1 the conjugate point of State College, Pennsylvania is in central Nebraska. A location near Kearney, Nebraska, has been used for checking the theory, as will be described below.
EFFECT OF MOTION THROUGH THE

MAGNETIC FIELD
It is a well-known fact that whenever a continuous ring or circle of some material medium is rotated in a magnetic field, so that the lines of flux are cut, an e.m.f. is induced. This is said to result from a change of flux linkage and its magnitude is given by : VOLUME is, DECEMBER, 1947 field intensity is 5 5 6 oersted? would be: Not only sensitivity to the absolute value but d$/dt=rate cutting of flux in number of lines also reaction to its variation is necessary to cut per second ; guide the bird in the compensatory direction. 108=factor needed to give result in volts or For this reason the increments of magnetic joules per coulomb. vertical-field intensity should be examined.
Although it is quite customary in physics texts to give problems in which it is required to find the voltage induced when a straight wire of given length cuts a magnetic field of given strength and orientation a t a given velocity, no known experiment has ever shown conclusively that an e.m.f. is induced under these latter conditions. Nevertheless, in dealing with bird navigational flight in this theory the assumption is made that the bird in some way senses the effect of flying normally through the vertical component of the earth's magnetic field, and the laws obeyed are the same or analogous t o the electromagnetic effect. Whether or not it is the latter, as is ordinarily meant in the physical sense, or a phenomenon for which man has not yet conceived a picture, does not alter its general application to the theory involved. For if a bird navigates according to a pattern which fits exactly into the vertical, magnetic-field Coriolis gridwork, illustrated in Map 11, some mechanism relating it to bird navigation exists, even though man does not yet comprehend its full import. A flying bird or any object moving a t right angles to a magnetic field or its component would constitute a system comparable to a moving straight wire mentioned above rather than a rotating ring.
Should the sensitivitv of the bird involve the Average values of the vertical component of magnetic-field intensity are 0.60 oersted a t a distance of 15" from the smr&magnetic pole in the Hudson Ray region, and 0.68 oersted a t a distance of approximately 5 to 8 degrees from the South Magnetic Pole in the general region south of New Zealand. These values diminish to zero a t points along great circles, approximatelj. midway between. In equatorial regions the variation of the vertical intensity in a general north-,south direction is about .O1 oersted per degree. In the United States the corresponding variation is roughly .007 oersted per degree. Since all experimental work involved in this report has been done in this country the latter value will be considered for illustrative purposes. dq/dt2 = 2Q sincp(dq/dt), (see Fig. 1 ) (1) d2rl/dt2 = -2Q( (d5,ldt) sincpt (dl/&) coscp) , (2) cp = latitude of place, Q = angular rotational speed of the earth, -g = acceleration of gravity, f q = distance moved east or west on the earth surface, =distance moved north or south on the earth surface, f = distance moved toward zenith or nadir, t = time.
According to these equations, it is apparent that a bird might conceivably make use of Coriolis forces due to its motion in any direction (i.e., horizontal, vertical, or their resultant directions) as part of its system of navigation. Only horizontal motions are considered as part of this theory but if vertical motions were also included, no basic changes would be involved in the discussion, since in any case the magnitude of the resulting Coriolis forces will still be a function only of a, sinp and ds/dt. Since the bird's continuous and normal motion in homing is horizontal, only the latter will be considered. Hence the following modified equation is obtained by combining (1) and (2) :
In (2) the term (dl/dt) coscp is zero since motion in the { (vertical) direction is considered zero. Equation (3) denotes that there will be a vertical force of Coriolis resulting whenever there is a component of horizontal velocity eastward or westward. When the motion is in the +q (eastward) direction it is downward, and vice versa. The value of d2{/dt2 (insofar as the bird is concerned) varies above or below -g when it flies in any horizontal direction having a component of velocity either east or west. This vertical force could also be part of the bird's orienting mechanism and might operate to help maintain migrating birds on a true north or south course. In the bird's home territory where it recognizes local landmarks and awareness of direction is a factor, as in piloting operations, this vertical force may again operate in guiding him. As previously stated, even though this vertical force, or the term (d{/dt) coscp (in Eq. (2)), actually enters the picture, it in no way changes the over-all concept of the Coriolis land-speed relation to bird navigation as set forth in the theory. ,qs homing pigeons are known to fly a t rates of twenty to sixty miles per hour, a value of forty miles per hour, or fifty-nine feet per second, will again be used for making an illustrative calculation. A median value of 45" latitude will also be chosen arbitrarily to go with this arbitrary speed value. Substituting in Eq. (4) : = .0061 feet per second per second.
'I'he direction of this Coriolis acceleration on the northern hemisphere is to the right and on the southern hemisphere to the left of the line of flight. This latter is commonly known to produce the counter-clockwise and clockwise whirlpools of moving fluids on the northern and southern hemispheres of the earth.
As a result of this accleration, the force per unit mass would be F= ma = 1 X .0061 or .0061 poundal per pound a t 45" latitude, and a speed of forty miles per hour. Or in terms of rate change of Coriolis effect with respect to time: latitude. The absolute value of Coriolis acceleration varies from maximum 1.00/. 707 X .0060 = .0085 ft./sec./sec. a t forty mi./hr. a t the poles to zero a t the equator.
Judging by these tiny increments of Coriolis force and magnetic effect which the bird would have to correlate with land speed for navigational guidance, the tendency is to reject its validity.
Also it is certain that there is a physical basis for this ability to navigate which pigeons constantly demonstrate. I t seems fair to assert that if the directives involved were of a gross magnitude, with. modern scientific tools and mathematical means of investigation they would have been uncovered before now.
Examination of Maps I and I1 reveals that in the equal magnetic-vertical intensity Coriolisforce gridwork each pair of intersecting lines cross each other a t least twice. In addition, about midway between the pairs of conjugate intersections, approximate parallelism often exists over a considerable portion of their lengths. These conditions also differ from a perfect pattern because large segregated surface deposits of magnetic materials on the earth prevent the equal magnetic-vertical lines from more than simulating the form of a true circle. On the United States Map I1 it can be seen that this condition of parallelism obtains over a fairly wide band of land area, including parts of Wisconsin, Illinois, Indiana, Kentucky, Tennessee, etc.
The above-mentioned relationships suggest that birds trained to navigate to one point of intersection of two lines toward the east, should,
Two copper Two
Lost one Lost two Nov.
Day plates magnets magnet magnets
of confusion for navigating birds. If trained within this region their home would not contain a unique point with reference to the theory, or, if trained outside but released within this region, they would be in the dilemma of being apparently able to fly toward their home in either of two directions, approximately 180' apart. This suggests the experiments of training homing pigeons to navigate to one location and releasing them near the conjugate point of the location, or a t points in between the two conjugates to see if they react to the home or conjugate positions.
Another suggested experiment arises from the idea that if birds are guided by the effect of flight though the vertical component of the earth's magnetic field, they should become confused if a sufficiently strong superimposed magnetic field moves upward and downward across their bodies simultaneously. These and the previously mentioned considerations led to the following set of experiments which will be described in chronological order.
EXPERIMENT I
The Magnetic Wing Experiment, November 7, 1943 The first experimental test of the theory was. made by superimposing on homing pigeons while in navigational flight, a magnetic field moved up and down by their wing motion. This was accomplished by attaching hyflux-chrome magnets on the under side of the wings, between the first and second joints.,
The normal mametic effect would be the one v due to the somewhat pulsating forward motion a t right angles through the vertical component of the earth's magnetic field. If a number of homing pigeons with the superimposed moving experimental field were unable to home normally and a like number with identical training but with attached copper plates of the same approximate mass and size should home from the same release point in the normal fashion, it would be an indication that the earth's magnetic field plays a part in bird navigational guidance.
The birds used in this experiment were raised and trained for i t by Mr. Lowell Gable of Paoli, Pennsylvania. Because he is an educated man with a scientific mind and one of the foremost in the field of homing pigeon racing, it was felt the experiment would be more significant than under other circumstances. Mr. Gable carefully trained twenty of his best young birds to pilot and navigate to his loft from distances up to one-hundred miles. The training flights were always from stations to the west, northwest, and north of Paoli so that the birds would not become familiar with land areas to the south and southwest over which the final experimental flights would be run. They were singly released many times a t fifty to one-hundred airline miles or more to insure individual navigating skill and eliminate those that simply followed their loft-mates home. Between 10 :05 A.M. and 12 :04 P.M. on the morning of November 7, 1943, the twenty trained birds were released a t a point eight miles southeast of Bellaire, Maryland. The airline distance to the loft a t Paoli was about sixty-five miles. T o the wings of each bird in turn was attached either a pair of magnetic or copper plates before it was set free. None was released until the previous one had been out of sight for five minutes. Its general direction of travel a t time of disappearance was carefully noted. All even-numbered birds carried hyflux-chrome magnets, whereas the odd-numbered ones had copper plates attached to their wings. Both magnets and copper plates used were 1 "~ .218"X .025" and weighed approximately .8 gram. Attachments were made on the under side of the manus portions of the wings. Since any attachment involving the wing feathers or feather follicles would have caused rapid and serious irritations, a plan had been devised by which thin silk strands were threaded through the flesh between the third and fourth metacarpal bones. Previous and later tests showed that no soreness or injury resulted from long attachment or from hundreds of miles of flying with the plates remaining in position.
The record of their returns as supplied by Mr. Lowell Gable is shown in Table I .
The magnets on the wings of the birds were separated about 12" between centers when in a horizontal, full-spread position. They were of such strength as to produce a horizontal in-tensity, half-way between them, about equal to that of the earth's magnetic horizontal component in the region of State College. This value is approximately .I72 oersted.
By assuming that the magnets move up and down with approximately simple harmonic motion and estimating the wing beats a t 180 per second and their amplitude a t + foot, a value of .12 microvolt per centimeter was computed for the maximum induced e.m.f. per centimeter on the bird's anatomy.
This value of .12 microvolt per centimeter, as can be seen, is of the same order of magnitude as the change of e.m.f. involved in flying eighty miles toward or away from the normal magneticvertical line previously considered a t 45' latitude. Both its magnitude and its pulsating character, i.e., changing three-hundred and sixty times per minute, from zero to .12 microvolt per centimeter and back to zero, might conceivably serve to confuse the bird and upset his navigating prowess during its occurrence.
The following important points should be noted :
1. Eight of ten birds with copper plates returned home during the first two days.
2. Of those returning, having originally had two magnets each and subsequently losing either one or both, only one with one magnet got home before the fourth day.
3. Only one bird with two magnets got home a t all and it arrived on the fourth day.
4. None of the other birds, a t this writing, has ever returned.
The final results of the experiment were well presaged by the directions in which the birds left the release point. Each was carefully watched out of sight before another was released. Table I1 indicates the general direction a t which the birds went out of sight from the release point. Since these birds were well trained and outstanding homing pigeons, Mr. Gable and others expert in the field of flying and racing homing pigeons expected a t least two or possibly three of those with two magnets to home, just on the basis of their intelligence and ability to "hunt" their way home. On the basis of probability and chance a similar prediction would obtain.
EXPERIMENT I1 The First Nebraska Experiment
With the positive though limited data for the electromagnetic phase of the theory secured, the groundwork was laid for testing the theory as a whole. Examination of the U. S. Coast and Geodetic Survey Map I revealed that the con- With this plan in view, training flights up to fifty miles around State College were decided upon and the birds were housed in a conspicuously designed and painted loft so it could be seen from as great a distance as possible. In addition, it was moved" each day so that the occupants, returning from training flights, would become accustomed to looking for the loft and not for familiar landmarks nearby. A five-foot observation balloon was raised each day about one-hundred and fifty feet above the loft as an additional beacon or guide. All these plans were executed carefully. The loft had a peak resembling a church spire and the whole was painted a brilliant yellow. I t was moved two hundred feet each day and during the training period traveled a distance, by tractor power, of about three miles in a zigzag path over and across the college farms. The birds were given initial l1 Its location was shifted 200 feet each day for training flights of the birds, and never returned to a previous location.
lo Having been in full flight around loft, the bird returns and enters it. During his first free flight outdoors even though raised on the spot, it is easily frightened off in a panic, and may fail to take visual account of its surroundings. On a second release it is practically certain to return. piloting training flights12 of one, two, four, eight, and sixteen miles in several directions around the compass. From then on for a period of three months they had practice flights twice daily up to fifty and more miles. There was seldom a half-day during which they were not released a t some new point around the compass. Care was used to prevent repetitional flights which might either aid or hinder them in the Nebraska experiment. I t is known that repeated training during the same part of the day and over the same terrain causes homing pigeons to fly habitually by the sun's direction. Near the end of the training period they were released from time to time in singles, doubles, and sets of five a t twenty-five-mile airline distances.
On the day set for the start of the trip to Nebraska the birds were transported to Altoona by truck in one of the homing lofts. The shipment from there on was by express so the loft had been carefully designed to make i t a s large as possible and yet have it go inside the express car. During the entire 1100-mile trip the nests with eggs and young were cared for by the parent birds. On arrival in Kearney the loft was set on the fair grounds until magnetic measurements were made to check the values obtained from the U. S. Department of Commerce. Also a second loft had been built and previously shipped, to double the chance of the birds' finding one in case they navigated from the release points to the predicted conjugate point. Askania magnetometer measurements showed that the magnetic vertical-field intensity ten miles north of Kearney was the same as State College. Unfortunately, however, the field intensity gradually increased to about three times its normal value fifteen miles, east and returned to its normal value ten miles beyond the anomaly. This condition meant that there were actually two conjugate points twenty-five miles apart, which called for a choice of placing the two lofts about 10 miles apart on either side of the point as planned according to the U. S. averages, or putting one a t the normal conjugate point and the other twenty-five miles to the east a t the anomalous conjugate point. The limited personnel and transportation facilities made the l2 Short distance flights in which guidance could always be had by means of familiar landmarks.
twenty-five mile separation impractical. In addition, magnetic anomalies exert most of their influence fairly near the ground surface and for all these reasons the former strategy was used. The lofts were carefully placed five miles east and west of the calculated position on as high ground as could be found in that flat country. The birds were allowed to rest one day to acclimate themselves to the immediate surroundings.
Beginning with June 28, groups of birds were taken out to release points around the compass forty and more airline miles away. Each bird carried an army-message capsule with the words. Each vector on the map represents graphically the sum total of the results for a given day or release numbet, the latter being in one-to-one correspondence on the map and table.
The flights of all birds reported were plotted as vectors on a preliminary work map and their vector sum obtained. The length of the latter was divided by the number of flights involved and the resultant vector represents the average result of all the recorded flights of that day. In referring to these in this report the term "total flight vector" will be used. A brief inspection of the total flight vectors for the eight days shows that numbers one, two, four, five, and eight not only point in the right direction but actually terminate within ten miles of one or the other of the two predicted points (the normal and anomalous ones). In fact, four, five, and eight, and Special No. 1 terminate with good precision. I t is a notable fact that one bird, a blue bar female, WB28, of flight number five, flew the seventy miles, and found and entered the loft, despite hot, twenty-seven-mile per hour winds a t right angles to its line of flight. Another unusually significant flight was that of the light blue check female, band number IF43R1014, the only bird flown that day, and the only one released outside of Nebraska. Its flight started a t 3 :30 P.M. about twenty miles east of Council Bluffs, Iowa. Not only did it fly the one hundred eighty-five airline miles across hot winds averaging twenty miles per hour but, as with the seventy-mile flight described above, it flew in the opposite direction from its home in State College to find and enter its 4 X4 X 5 foot loft displaced one thousand miles west of its home to the middle of a Yebraska grain field.
Total flight No. 6, representing nine reported birds, shows one of two anomalous results; these birds flew in an average direction 60' off the theoretical course. One possible explanation is that there was a violent thunder storm between the release and loft positions that come up swiftly just after the last bird had been released. An important fact about this flight (true for all releases), is that the birds did not fly toward State College nor in random directions. None of the nine flew in a direction as much as 90" off from the direction of the total flight vector. I t is interesting to observe that, although the trend of this flight was not toward the home Coriolis line, it did follow almost the shortest route to the correct magnetic-vertical line of State College. Flight No. 3, also anomalous, has not the mitigating factor of an intervening electric storm, but it should be noted that the magnetic fields in the region involved are of the most distorted on record, according to Mr. James Affleck of The Gulf Research and Development Company. Release No. 7 is relatively unimportant since only one bird was reported of the two released. Actually, the flight direction is quite good, being only about 40" off theoretical, and the bird may have flown in and out of the twenty-five-mile error distance for homing pigeons. Further, the hot Nebraska wind that day varied from twentysix to forty-eight miles per hour along the flight path, and the temperature averaged 94°F throughout.
Special release No. 1 represents an "advance guard" experiment in which twelve carefully trained homing pigeons were shipped to LIncoln, Nebraska, to be released by Professor P. A. Downs of the University of Nebraska. These birds, although not trained specifically for the experiment, had had several years of navigational and racing experience from points up to one hundred miles from State College, Pennsylvania. After they had been singly released and carefully watched out of sight, Dr. Downs later remarked that although they looked like good homers, unfortunately they went the wrong direction. Eight of the twelve had flown out of sight toward the west, exactly opposite from State College. Examination of the total flight vector for this group reveals that, for the five reported birds, making an average flight of onehundred thirty miles, it ends practically on the predicted position.
On June 25, Dr. Downs again released twelve homing pigeons of excellent flying stock raised in State College, Pennsylvania, this time "prisoners" up to a year or more in age, and without flying experience except inside their home loft and fly-pen. In observing their behavior a t the liberation, it was noted that they merely scattered in random directions. Of six subsequently reported by telegraph, four remained a t Lincoln, two others went in directions neither toward State College nor its Nebraska conjugate. This serves to illustrate the fact that even good homing pigeons must have flying experience and training, in order to respond to the navigating influences.
Special On September 15, we received from Mr. Rendle twelve young homing pigeons trained around the compass fifty miles from Cozad. The following day they were released in groups of three, a t Berkeley Springs, Virginia. Inspection of Pennsylvania Map IV shows the total flight vector for the six reported: one stayed a t or returned to Berkeley Springs but none followed a flight line more than 60" or so from the total flight vector, itself in a correct direction, and terminating within ten miles of the same Coriolis line through Cozad. This Cozad, Nebraska, to Pennsylvania result is a corroboration of the strongly indicative State College, Pennsylvania, Kearney, Nebraska, results.
Shortly before receiving these young Cozad birds Mr. Rendle shipped 10 old birds which had had 200 to 400 mile flights in their records. These were released a t various places one hundred miles or more from the center of Pennsylvania. Closely paralleling Mr. Rendle's own predictions three of these birds homed across the 1400 or more miles to Cozad in from one to three weeks. Finally three of the remaining ones were reported found in the region of Michigan, western Pennsylvania, and eastern Ohio. . 4 full discussion of these results requires more space than is available here and will appear in a later paper.
Salient Poinfs of fhe First Nebraska
Experimental Results
1.
Of one-hundred twenty-two birds trained in State College and released in Nebraska, only one was ever reported east of Indiana. This was telegraphed in eight months later from Phillipsburg, Pennsylvania.
2. Of the eight main Nebraska releases, six of the total flight vectors support the validity of the theory, in addition to the indicative results obtained with the Cozad, Nebraska birds flown from south of Pennsylvania.
3. The Askania magnetometer readings on a sixty-mile line indicate there are two rather than one magnetic vertical-Coriolis conjugates in the Kearney, Nebraska, region. Two groups of total flight vectors (Special No. 1 together with Nos. 4, 5, and 8) and (Nos. 1 and 2), also show this to be true. 4. Two birds, one from seventy, the other from one-hundred eighty miles, flew in directions almost exactly opposite to their home area in State College, Pennsylvania, and found their lofts a t the predicted conjugate point. An additional bird was found within three miles of the west conjugate and three were reported within less than ten miles of the anomalous conjugate point. Considering the fact that a homing pigeon should be familiar with landmarks twenty-five miles out from its home loft in order to assure a successful flight termination, it is evident that six of the reported birds (see data on releases Xos. 1-2 and 3, 4-4, 5-1, 8-1, Special No. 1-1) performed the equivalent of "homing" a t their conjugate points. I t is probable that a high percent of those used in the experiment flew into the regions involved, but, not seeing the loft or familiar landmarks, flew out again in random directions.
5. The results were good in the face of many adverse factors acting against success, such as:
(a) The birds were trained in green mountainous country but the experimental flights were over flat, brown terrain.
(b) The limited supply of five-foot signal balloons used in piloting the birds a t the home loft were quickly blown down and punctured on stones during the first few minutes in the air during the first two days in Nebraska so their use had to be abandoned.
(c) The experimental flights were executed ih hot, dry winds of from sixteen to forty-eight miles per hour velocity which blew continuously during the day. Experienced racing-pigeon men fear any wind velocities above twelve miles per hour even a t normal temperatures. This was in direct contrast to low velocity winds or complete absence of winds during the training period in Pennsylvania.
(d) The birds of necessity were always liberated after 1 :00 P.M., because of inadequate help and transportation. This is late in the day for the most successful flying and navigating results.
(e) Experience has shown the longer experimental flight to be more successful. Over-caution, especially a t the beginning of the undertaking, Settled (S)-involves letting birds fly outside of loft for the first time. Youngsters up to five or six weeks of age can be settled a t a new loft, any distance whatever from the home cote, twenty-four hours after arrival.
Resettled (RS)-repeating operation (S) a t a new loft or loft location. The Army was able to do this in seven or eight days by mobiling the birds a t the initial settling station.
Flown (F)-this means that, in addition to regular daily exercise flights from the loft, the birds are each day released a t progressively greater distances from the home location. Flights of under twenty-five miles are for the caused us to keep the release distarices on the short side.
At the completion of the first tests of the bird navigation theory just described, the data obtained were examined critically by the statistical group a t the Iowa State College. These men, under Dr. George W. Snedecor, recommended that, in view of the indicative results, work should be continued and more data should be obtained. With this object in view plans with newly suggested procedures were carried out which resulted in the following experiments.
EXPERIMENT 111
Hamlet Experiment, September 1944 The writer has talked to many persons, with much experience in racing homing pigeons, who contend that birds have a mysterious power to retrace a path over which they have been carried, even in darkness or in a drugged condition. Some tests of this contention13 have been made and negative results obtained. There are also many experienced pigeon-racing men who claim that homing pigeons possess the remarkable ability to return to a loft from a distance, merely by virtue of their having lived in it. In the experiment of June, 1944, already recorded, the birds used in "Special release No. 2," had neither flying experience around their home loft a t State College, Pennsylvania, nor navigational training. Mowrer, J. compar. Psychol. 19, 177 (1935) . purpose of giving them knowledge of local landmarks for piloting to the exact loft locations, plus knowledge of magnitude and gradients of the directives for later use in navigating over unfamiliar territory.
Mobiled (M)-after settling to a portable loft, the lattkr is moved each day so birds, in their local flying and short training flights, search for it rather than for a particular spot on the land. In military mobiling operations the loft transfers are along a straight line. In the training operations of these experiments the successive locations were always on a circuitous route.
Remobiled (RM)-after settling and mobiling in a given region the birds are resettled, with the same or similar appearing portable lofts, a t any desired distance from the last location. In the war, birds were mobiled in this country and remobiled in the European and Pacific war theatres.
Although the data are far too limited to be conclusive, they do indicate an inability of such birds to make any effective attempt whatever a t homing.
At the close of the first full-scale experiment in Nebraska it was found possible to secure, from mobile lofts of the Army Signal Corps a t Fort Monmouth, New Jersey, three hundred pigeons, which (with one exception, as later learned) had had no training in navigation, although some had had limited "pilotage" experience from being settled and flown from short distances a t the lofts where they were bred. These birds were bred and shipped from Fort Sam Houston, Texas, Camp Crowder, Missouri, and other stations indicated in Table IV and had been given only "mobile" training a t Fort Monmouth. Upon arrival a t the experimental headquarters a t Hamlet, Nebraska, on September 29, 1944, they were placed in Army mobile lofts and permitted a twenty-four-hour rest before being transferred to the various release points. In order to take care of the slight possibility that they might be able to navigate even with the various types of training indicated, the releases were arranged from locations within a hundred and fifty miles radius of Hamlet, Nebraska. The latter is practically on the conjugate point for Fort Monmouth, New Jersey, and according to the theory and the Kearney, Nebraska, results, the point toward which the birds would fly, should their limited Fort Monmouth mobile training be adequate. On September 30, 1944, two hundred and fifty of these birds were re- . --leased in four groups near Goodland, Kansas, miles per hour blowing during the day. Of two Miller, Nebraska, Alma, Nebraska, and Quinter, hundred and fifty birds released, fifty-four were Kansas, respectively. Small groups of twos, reported on or before October 30, by telegrams.'* threes. fours. and fives were released. ten minutes apart, beginning at dawn. The weather was '"Of the remaining fifty of the original three hundred, halr were youngsters, the others yeariings. The twenty-five cool and clear with gusty winds of about fifteen yearlings were released a t Culbertson in a group most of The performance of the birds released, as indicated by the telegrams reporting the flight terminals, seems to divide them into three natural groups (Table V) each of which will be dealt with separately.
Results
Group No. 1. 'These forty-eight birds flew in short random flights ranging from zero to sixty miles from thc points of release. The arithmetical average of the forty-eight flights is about twenty miles. Of these, twenty were reported within a mile of the release point. An even more significant indication about the flight of these birds is that the average of the vector sum of their flight vectors (previously referred to as the "total flight vector") is less than ten miles. Since these flights, including distance and directions, are vector quantities, the vector sum and its average ,is the only one which has real meaning in this cgnnection.
Group No. 2. This 110-mile flight seems significant in that this bird flew in a direct line for Hamlet, Nebraska, which is the conjugate point of Fort Monmouth, New Jersey, and stopped just thirty miles beyond. Of the fifty-two birds reported, it is the only one which had had the proper training in navigating to do this. I t was later learned that it had been used in communications a t Fort Monmouth, New Jersey, and inadvertently was shipped with the less experienced birds.
Group No. 3. These five birds are distinguished from the rest in that the). made long flights averaging one hundred and fifteen miles in length, in addition to flying in directions quite accurately toward their original homes which are as follou~s:
Bird No. A check made with the head of the Army Pigeon -which took up residence on t ! , e spot. .The tw:nty-five youngsters were retained for navigation" tralning a t State College, Pennsylvania, for later experimentation.
Service revealed that they had been settled and had had considerable flying experience around their home loft before being shipped to Fort Monmouth, New Jersel-, which may account not only for the length but also the direction of their flights.
It should be noted that any one of the fifty reported birds, having been bred from some of the world's finest homing pigeons, had the inherited qualities and the mental and physical make-up to fly a like distance toward Fort Monmouth or its conjugate point had they also possessed the means of so doing, brought about by the required type of navigational training. If the "retracement" contention had credence, they should have flown back along the path over which they had been transported by train two days before, or retraced the paths over which they had been taken by car from Hamlet to the various release points, during the hours previous to their release. In the latter case they should have flown toward Hamlet first and then started eastward to Fort Monmouth instead of the short random flights in forty-seven of fiftyfour reported cases.
I t is a well established fact that homing pigeons settled and trained to navigate a t any point, will, in most cases, if physically able, return to it when released moderate distances away, such as one to three hundred miles. This experiment indicates, however, that just settling15 and mobiling will not replace the training in navigation which they must have to home successfully from a distance. I t therefore seems evident, whereas they may inherit the ability to navigate, that they must first have specialized and adequate training in order to accomplish it.
The results of the Hamlet experiment and Special No. 2 and all other tests of these experiments, indicate that homing pigeons do not retrace paths over which they have just been transported unless these latter happen to be directly in line from the home (or its conjugate point) to which they have been trained to pilot and to navigate.
l6 See explanation in Glossary appended to Table 1V . Explains training which they must have to home successfully from a distance. I t therefore seems evident, whereas they may inherit the ability to navigate, that they must first have specialized and adequate training in order to accomplish it. quently be referred to a s "the line of tangency." I t seems evident that if birds are guided to a As previously stated, the orientation of the unique point (their home or conjugate point) by magnetic-vertical lines with respect to the Cori-conditions requiring grid representations of the olis lines produce regions where the gridwork fields of influence, they would lack that guidance character tapers off and a pattern of irregular in a region where the indicating lines approxiparallelism or tangency occurs. Reference to mate a condition of parallelism. Such has been Map I1 indicates this relationship over a fairly thought to be the case by racing pigeon men in wide strip of land through the region which in-the region just referred to.16 The procedures of cludes the states of Wisconsin, Illinois, Indiana, Kentucky and continuing in a south-south-east 
this experiment were designed to test this phase of the theory. On April 23, 1945, fifty five-week old youngsters were received from Fort Sam Houston, Texas. Pilotage and 'navigation training of these birds was started immediately. Their loft was not mobiled and training releases were made twice daily. These consisted of one, two, four, eight, sixteen, and twenty-five mile flights for pilotage experience, and many thirty-, fifty-, and seventy-mile flights, in several directions, for navigational training. On some of the longer flights they were liberated in twos, threes, and fives to make them more self-reliant and capable of independent navigational flights.
On June 10, 1945, when the experiment was to begin, there remained forty-two birds. The other eight were lost in the longer training flights, especially when released in small groups. They were transported by truck from State College to the points of liberation which were about equally spaced between State College, Pennsylvania, and Kearney, Nebraska. Table VI shows the time and place these birds were released as well as the time and place each was found and reported. Table VII shows the release and terminal points of all the birds whose flight terminals were determined. These include all reported by telegraph and in the case of the eastern releases, five which actually arrived a t the home loft. In addition it classifies them as follows :
Group 1-Those birds released east of the line of tangency (or region of confusion). Group 2-Those birds released west ol the line of tangency. Group 3-Those birds which were released within a distance of one hundred miles east or west of the line of tangency and flew across it.
'The column a t the right on Table VI I also shows the distances which each bird flew on a direct line 'toward the conjugate for the "western" releases and toward the home loft in the case of the "eastern" releases. The Y column shows the perpendicular distances flown either (+) counterclockwise or (-) clockwise from the direct line to conjugate or home point, respectively. Table VIII shows the computation of results from the data on Table VII . The algebraic sums of the X and Y components of both groups were divided by the number of flights contributing to their totals. These values of (ZXINo. flights) and ( 2 Y/No. flights) were then added vectorily to determine the resultant "flight vector" for the group of birds involved.
As ahown, the Eastern group (No. 1) on the average flew 1.8 miles in a counter-clockwise direction while averaging 71.4 miles toward the home (a deviation of approximately 1.0') whereas the Western group (No. 2) deviated 5.8 miles in a clockwise direction while averaging 93.1 miles toward the conjugate point (a deviation of approximately 3.6').
At the conjugate end of the experiment the birds, even without errors caused by large local magnetic anomalies, would be subject to errors of fifteen or twenty-five miles from the point, because of the natural errors of. navigation to which they are subject. At the home end the pilotage training permits the bird, by means of local landmarks, to finish the last twenty-five or so miles of the journey to the loft. This probably accounts for the smaller angle of deviation for the eastern group.
Birds of group (No. 3) were deliberately' liberated within the central two hundred-mile band, which should be a region of confusion insofar a s the theory is concerned. I t seems significant that the only birds to cross over the line of tangency were released in this band. More data will be obtained to check this indication. Kearney Experiment, June 1945 This experiment deals with approximately two hundred homing pigeons trained a t State College, Pennsylvania. In general, the preparations and procedures were the same as described in the previous experiment a t Kearney, Nebraska. However, since the results of the previous tests had so thoroughly dovetailed with the requirements of magnetic-vertical Cariolis theory, a t the suggestion of Major Otto Meyer and Lt. Arthur M. Lehman of the Army Signal Corps, it was decided to put a handicap in the way of these birds in order to give the theory the acid test. The plan involved training the birds by releasing them always north-west of State College, but when testing them for the conjugate point in the Kearney, Nebraska, region, making the releases well toward the north-east. In many of the pigeon races greater speed results from having the birds fly and refly over familiar territory and many believe the birds' ability to return depends on visual cues resulting from this careful training in the same direction." Therefore, the significance of the above plane is selfevident.
EXPERIMENT V
Second
During the first Kearney experiment in July 1944, five-foot meteorological balloons were used a t State College and in Nebraska in an attempt to aid the birds in piloting the last ten or fifteen miles to the loft. The strong Nebraska winds, however, quickly blew them down and broke them so that their value was not determined. In this experiment eight-foot orange-colored boxkites were used for a similar purpose. The kites were flown during most of the training flights to the home loft a t State College and during the two days the birds were released in Nebraska. Since no birds actually found the lofts this year, i t is assumed that their effect was negligible.
17.Ralph Gundlach, "Field study of homin pigeons;" Luaan H. Warmer, "The present status of t f e problems of orientation and homing by birds;" "Homing pigeons a puzzle to science," Am. Weekly (June 3, 1945) . 
--
Procurement and Training of Birds
Of the two hundred homing pigeons trained for this experiment one hundred fifty-nine were six-week old youngsters supplied by the Army Service Forces from the Army breeding lofts a t Fort Sam Houston, Texas. The remainder were birds secured from various racing pigeon men a year previous and held over to be used as twoyear-olds.
All the birds were housed in two mobile lofts having tall peaked roofs, six-foot ceilings, and six-by twelve-foot floor spaces. Each contained one hundred and twenty nest boxes with adequate avaries for sunning and bathing. The lofts were mounted on standard farm wagons having Timken high speed bearings, 6:00X16 automobile tires, and were painted a bright yellow They were moved one hundred yards twice daily for receiving the birds from their training flights. The latter change in loft position was accomplished with a Fordson farm tractor.
Training flights were carried out morning and afternoon. After the initial short flights to the east, north, and west, to take care of their error in navigation, the birds were trained only from the north-west. Except for a few stoi-my days, training was continuous from the time the younger birds were received on April 14 until the day of departure for Kearney on June 10.
The navigation flights were extended to seventy miles airline. The birds flew the latter distance many times and on several occasions, when the wind velocity was practically zero, they homed in approximately seventy minutes. Upon arrival a t Kearney the lofts were placed one and twenty miles, respectively, north of the town. This spaced them about equally north and south of the western State College conjugate. After one day for resting the birds, they were taken in groups and released on an average of seventy-five miles to the N.N.E. and E.N.E., and N.E. of the loft locations.
On June 15th a t ten P.M. reports from the United States Weather Bureau indicated that the next day would be clear with scattered clouds and that wind velocities would average ten miles an hour or lower. About four o'clock the next morning (June 16th) Dr. English and Lt. Lehman took one hundred eighteen birds for liberation a t points averaging seventy-five miles to the north-east of the conjugate. The birds were all released during the morning groups of threes and fives in the regions around the Nebraska towns of Clarks, Silver Creek, St. Edward, and Albion. Simultaneously Dr. Hendrickson and Donald Brewer released ten birds to the south-west (near McCook, Nebraska) for control purposes. As indicated by the weather reports, the day was unusually good for bird navigation.
The next morning, June 17th, with weather report and actual weather similar to that of the preceding day, Dr. Hendrickson and Mr. Rendle took the fifty-six remaining birds for liberation to regions around Stromsburg, York, and Hampton, Nebraska. The distance was about the same as the preceding day but the direction was more toward the east. Again the birds were released well before noon in groups of threes and fives. As in previous experiments the birds carried messages in Army message carriers asking the finder to report when and where the bird was found. Table IX lists all birds which were reported (thirty-two percent of total released) up to the present writing. I t lists the time and place of release, persons in charge of liberation, time and place they were found, and the distances flown along and a t right angles to a line drawn through the conjugate point and the release point.
Results
From racing-pigeon men it has been learned that birds which do not arrive home from oneand two-hundred-mile flights within a few days are likely not to arrive a t all. This is taken as an indication that they become discouraged or fly a t random after that time. For this reason all birds reported more than ten days after liberation were listed separately (Group B, Table IX) and this data used in a subsequent calculation to test its effect on the more reliable early data. A second separate listing consists of birds which never left, or perhaps returned to the release areas (Group C, Table IX ). In any case, they were reported found within a ten-mile radius of the release point. The complete listing of the birds on Table IX is as follows: Group ;I--Birds reported ~vithin a nine-or ten-day period after liberation. Group B-Birds reported after June 26th. Group C-Birds which were reported less than ten miles from the release point.
In working out and interpreting the data of this experiment the same plan was followed as with the previous ones. The flight (release point to flight terminal) of each bird was plotted and a straight line drawn from the release point to the conjugate point. The algebraic sums ZX and ZY of the components of all the flights toward and a t right angles to the theoretically required direction line were divided by the number of birds and added vectorily to obtain the "total flight vector" for the groups.
On Table X is shown the average angle of deviation obtained from the flight data of the birds listed in Table IX . Those of Group A show a counter-clockwise deviation of 5.8". When the data from those reported later (Group B) are used in the computations, the average deviation is seen to be +13.5 degrees.
As in the case of the 1944 Kearney experiments, the experimental birds seemed to behave
